By irradiating a flat Al target with femtosecond laser pulses at moderate intensities of $10 17 W=cm 2 , we obtained stable collimated quasimonoenergetic electrons in the specular direction but deviated somewhat toward the target normal. An associated local minimum located on the other side of the specular direction seems to indicate that the peak actually results from the deflection of the collimated electrons from their initial ejection direction. We have proposed a two-step model in which some laseraccelerated electrons are able to leave the plasma in a narrow phase-locked window of the moving wave interference pattern, and are then steered toward the target normal by the ponderomotive force of the interference field. The periodic repetition of the electron emission leads to a pulse train of collimated quasimonoenergetic electrons with subcycle duration. Collimated relativistic electron beams (e beams) with a narrow energy spread can find applications in ultrafast electron diffraction, fast ignition, and tabletop electron accelerators provided that flux and duty cycles are sufficiently high [1] [2] [3] . Compared to the electron gun, the e beams produced by femtosecond laser pulses inherit the ultrafast characteristic with a duration down to a femtosecond time scale, which opens a way for ultrafast electron diagnostics [4] [5] [6] . Laser-driven quasimonoenergetic e beams have been produced by the wakefield acceleration mechanism operating in the so-called ''blowout'' mode [7, 8] . However, in this method the quasimonoenergetic e beams are produced with energies of several tens of MeV, which is too high for many applications.
Collimated relativistic electron beams (e beams) with a narrow energy spread can find applications in ultrafast electron diffraction, fast ignition, and tabletop electron accelerators provided that flux and duty cycles are sufficiently high [1] [2] [3] . Compared to the electron gun, the e beams produced by femtosecond laser pulses inherit the ultrafast characteristic with a duration down to a femtosecond time scale, which opens a way for ultrafast electron diagnostics [4] [5] [6] . Laser-driven quasimonoenergetic e beams have been produced by the wakefield acceleration mechanism operating in the so-called ''blowout'' mode [7, 8] . However, in this method the quasimonoenergetic e beams are produced with energies of several tens of MeV, which is too high for many applications.
Most experiments on fast electron generation from the laser-solid interaction indicate that the emitted e beams exhibit broad-cone emission with broad energy spectra, and are ejected at angles between the target normal and specular directions with poor controllability [9] [10] [11] [12] [13] [14] . Only a few groups have observed highly directed electron emission from the laser-solid interactions by selecting appropriate laser intensities [9, 10] , the target material such as SiO 2 , and the plasma scale length [11] . The ''jetlike'' collimated e beams with the Maxwellian energy spectrum was first observed along the specular direction by focusing a high-contrast-ratio laser pulse at 4 Â 10 16 W=cm 2 onto a solid SiO 2 target [9] , where a very steep gradient scale length was obtained. Similar results have recently been reproduced from SiO 2 targets by Mordovanakis et al. [11] via adjusting the plasma scale length and from Al targets by Wang et al. [10] . Besides the collimated e beam, an associated local minimum close to the specular direction implies that the collimated e beam is deflected outward by the ponderomotive force of the laser beam [11] . However, the deflection of the collimated e beam toward the target normal should have some theoretical justifications. The underlying physics of the electron ejection from the solid targets is still elusive, which renders the manipulation of the collimated e beam emission unavailable.
In this Letter, we demonstrate stable collimated quasimonoenergetic e beam generation close to the specular direction that was obtained by irradiating a flat Al target with femtosecond laser pulses at moderate intensities. We propose a simple two-step model to characterize the underlying physics behind the deflection of ejected electrons. In the first step, we believe that some accelerated electrons more or less along the specular direction are ejected from the laser-driven surface plasma wave but only periodically at a specific phase of the laser field pattern. At the second step, these electrons are steered slightly outward toward the target normal by the ponderomotive force of the combined field of the incident laser and its coherent reflection, which we term simply the interference field. An energy loss due to deflection in the interference field predicted by this model is confirmed experimentally.
The experiments were carried out with a Ti:sapphire femtosecond laser, which delivered laser pulses with energy up to 31 mJ and a duration of 65 fs on the target surface. A p-polarized laser beam was focused by an f=4 off-axis parabola onto a flat aluminum target with an angle of incidence , as shown in Fig. 1 . The diameter of the focal spot is 8 m at the full width at half maximum (FWHM), containing about 40% of laser energy. The laser intensity contrast ratio was measured to be better than 10 8 at 50 ps and 10 7 at 10 ps before the peak of the main pulse [15] . The spatial angular distribution of emitted electrons was recorded in the single-shot operation mode by an imaging plate (Fujifilm BAS-SR2025) [16] , which was bent to become a circular cylinder with its axis fixed at the focus and perpendicular to the incident plane of laser. The imaging plate was covered with a 17 m thick Al foil in order to prevent low energy x-ray, scattering light. A 0.1-T dipolar magnet was installed to measure the energy spectra of the emitted electrons at some specialized directions. with different offsets of Áx. When the target was moved away from the focus along the target normal with Áx ¼ 0=120=240=360 m, the corresponding laser intensities on the target, which were estimated from the laser energy, pulse duration, and the spot size, were 3=2=1:1=0:6 Â 10 17 W=cm 2 , respectively. Assuming the plasma expands isothermally [17] , the scale length was estimated, varying between $0:1 and 0:5. As shown in Fig. 2(a) , when the focus was on the target surface (Áx ¼ 0), a collimated e beam centered at the direction of ' ¼ 38 was obtained with a divergence angle of 146 mrad (8:3 , FWHM) in the incident plane and a charge of $9 pC within the FWHM spatial zone. As the target was moved forward with Áx ¼ 120=240=360 m, the angular distributions exhibited the jetlike collimated e beams [ Figs. 2(b)-2(d) ]. The divergence angles and the total charges of the collimated e beams were measured to be 52=37=26 mrad and 3 pC=250 fC=60 fC, respectively. The emission angles were slightly deflected to the target normal at ' ¼ 41 =42 =43:5 . A local minimum was located close to the specular direction but on the opposite side. While placing the imaging plate closer to the focus with a distance of 6 cm to measure the ejected electrons at Áx ¼ 120 m, the collimated e beams, which exhibit a spatial modulation and the associated local minimum, are obviously located on the opposite sides of the specular direction as shown in Fig. 2 (e).
By changing the laser incidence angle from 34 to 82 with the target surface set at Áx ¼ 120 m, we measured the angular distributions of the ejected electrons, as shown in Figs. 2(f)-2(h) and to be compared with Fig. 2(b) . The divergences, deflection angles Á', and total charges of the collimated e beams were 65=42=38 mrad, À2:2 = À3 = À 5 , and 0:9 pC=5:3 pC=4:3 pC, respectively.
In addition, single-shot electron spectra of the collimated e beams were measured at the emission angle (' ¼ 42 ) with Áx ¼ 240 m and ¼ 45 as shown in Fig. 3 . . Three shot-to-shot energy spectra of the collimated e beams measured at ' ¼ 42 , and the spectra of the peripheral electrons measured at ' ¼ 35 (blue line). An aperture with a diameter of 3-mm covered by an imaging plate with a hole was placed at the entrance of the magnet to pick out the collimated e beams as well as to monitor the selection as shown in the insets. The 3 images correspond to the 3 displayed spectra of the collimated e beams. The offset Áx ¼ 240 m and the angle of incidence was 45 .
The entrance of the magnet was placed at 10 cm away from the focus, and an aperture of 3 mm in diameter was placed at the entrance to pick out the collimated e beams. An imaging plate with a same-size hole was placed before the aperture to monitor whether the collimated e beams enter the magnet as shown in the insets of Fig. 3 . The shot-to-shot energy spectra of the collimated e beams exhibited a quasimonoenergetic distribution with peak energy of $100 keV, a FWHM energy spread of $30%, and good reproducibility. The energy spectrum of the peripheral electrons around the collimated e beams, for example, at ' $ 35 in the incident plane, was also measured [ Fig. 3 ( ¼ 1:25) ]. It exhibited a broader distribution with a higher peak energy of $130 keV.
The expulsion of the e beam by the ponderomotive force of the laser beam could not explain why the collimated e beam was necessarily deflected to the target normal if the origin of the electron emission was not considered, and, in particular, at what phase the ejection into the reflection field occurred. The physical picture of ejecting electrons from near the plasma surface more or less along the specular direction can be approached by two dimensional (2D) particle-in-cell (PIC) simulations with results such as the time frame set shown in Fig. 4 , from the case where a 65 fs p-polarized laser pulse with 1 Â 10 17 W=cm 2 ða 0 ¼ 0:3Þ intensity is focused with ! 0 ¼ 5 at a 45 angle of incidence. The plasma-density profile is assumed as an exponential profile from 0:1n c to 16n c with a scale length of 0:2. Figures 4(a) and 4(b) show the time frame set of spatial distributions of the laser electric field E n (the vector component of the interference field along the target normal) and the normalized electron density n e =n c at the peak of the laser pulse interaction with the target. The interference field is built up in the triangular overlap region of the incident and scattered light beams, and the surface plasma wave is produced, which has a spatial period of = cos45 and propagates along the surface at the superluminous phase velocity of c= cos45
. Unlike the oscillating mirror models [18, 19] , but like the coherent wave emission models [20] [21] [22] , electrons transiting the subcritical density region outside the steep plasma-density cliff are accelerated near z ¼ 5 in Fig. 4(c) , (this is step 1 of the process we are discussing) by complicated and nonuniform fields whose effects are not yet well analyzed [23] . For the moment it seems that the electrons probably escape with some significant momentum parallel to the surface. Given that the plasma wave is moving parallel to the surface faster than light, it is clear that in this sense the electrons cannot be really trapped in the surface direction, so there is as yet no obvious applicable formalism with which to estimate what velocity the escaping electrons can begin their voyage along with the reflected laser field. Figure 4 (c) shows the momentum distribution of electrons within two spatial periods near y ¼ 0 along the surface. The dense left-and-upward going arrows near z ¼ 4:9 and y ¼ 0 indicate that the laser-accelerated electrons move outward more or less near the specular direction and form the wave crest, which corresponds to the density spike as shown in Fig. 4(d) . The maximum kinetic energy of outgoing electrons is about 160 keV. However, at the wave trough (y ¼ À0:7) electrons are pushed back into the plasma with the maximum momentum. This is precisely the phenomenon investigated by others [20] [21] [22] [23] [24] [25] that produces the peaks in the current giving rise to the high harmonics observed. We can easily discern that a small amount of electrons escape away from the plasma wave more or less along the specular direction as shown in the left vacuum region of Fig. 4(c) . Electron emissions along the specular direction and target normal have been previously reported [26] [27] [28] [29] . Figure 4(d) shows the spatial periodical distribution of the electric field E n and normalized electron density at the wave crest (z ¼ 4:9) along the surface direction. The peak electron density at the wave crest appears periodically at the fixed phases when the electric field E n changes the sign from the positive to the negative, from which we can infer that the electrons which actually escape are those which arrive at a favorable phase at the top of their near-escape orbits and then take a second step to freedom. Now we believe that some of these accelerated electrons at the wave crests a = cos apart are the ones which escape in a manner that has yet to be determined (what we have called ''the second step''), but at the moment there is no clear indication as to the value of the escape momentum or of its direction. This information might be obtained in future work by tracing the trajectories of particular selected electrons in the PIC simulations, as suggested by Gibbon [23] . In the meantime, to see what can happen we will examine a simple toy model, assuming the character of typical escaping electrons and using the vacuum form for the electromagnetic fields not too close to the target surface.
Supposing an ejected electron escaping away from the plasma wave [ Fig. 5(a) ], its trajectory thereafter will abide by the motion of a free electron in the interference field and be governed by relativistic Lorentz equations [30] . The interference field can be described by the superposition of two laser fields which propagate orthogonally along Àx and z directions, respectively, and have a spatiotemporal Gaussian profile. The vector potential is described as a ¼ã i ðt þ x; y; zÞ þã r ðt À z; x; yÞ,ã i andã r are presented as follows for the p polarization:
Where a i0 is the peak amplitude at the focus normalized by mc 2 =e, the beam waist at focus is ! 0 , and at arbitrary
=2 is the Rayleigh length, and T corresponds to the pulse duration. ' Ri ¼ ðy 2 þ z 2 Þ=RðxÞ 2 and ' Rr ¼ ðx 2 þ y 2 Þ=RðzÞ 2 are the phases associated with the curvatures of the incident and reflected wave fronts, and the radius RðxÞ ¼ x þ x 2 r =x, RðzÞ ¼ z þ z 2 r =z. ' Gi ¼ tan À1 ðx=z r Þ and ' Gr ¼ tan À1 ðz=z r Þ are the Guoy phases, is the reflection efficient, and a phase jump was assumed for the reflected laser field. The laser parameters are as follows: spot size ! 0 ¼ 5, pulse width T ¼ 20T 0 (T 0 is the laser oscillation period). The incident and reflected laser intensity are a i0 ¼ 0:35 and a r0 ¼ 0:25ð $ 70%Þ, respectively. The focal planes of the two laser beams are set at x ¼ À150 and z ¼ 150, respectively.
The electron escaping away from the plasma surface is initially located in the plane of z ¼ Àx and its initial velocity along the þz direction is assumed as 0:6c (¼1:25, and p z ¼ 0:75). Without loss of generality, setting the initial position of the electron at z ¼ 2, we calculate the final momentum p z ; p x that the electron obtains from the interference field by scanning the initial instant t i , at which the electron escapes away from the surface. The final momentum is obtained by calculating the electron's relativistic dynamics over a long time until the field seen by the electron becomes negligible. Figure 5(b) shows the final momentum p z ; p x and energy when t i is scanned from À2T 0 to 2T 0 (corresponding to the initial phase È i from À4 to 4). Owing to repulsion of the ponderomotive force of the interference field, the electron may be steered both toward the target normal and surface directions with a deflection angle Á' ¼ Àtan À1 ðp x =p z Þ if the electron is captured at arbitary phases relative to the laser field [ Fig. 5(b) (top) ]. This inconsistency with the measured collimated e beam deflected only toward the target normal implies that electrons are ejected from the plasma wave at phases locked to the laser wave pattern. Considering that the electrons are ejected initially in a range of directions, for example, with a uniform distribution within AE5 centered at the sepcular direction, the final statistic angular distribution of the ejected electrons captured at the phases È ¼ 2NðN ¼ 0; AE1; . . .Þ is calculated and shown in Fig. 5(c) [panel (c-1) ]. The electrons are shifted to the target normal with Á' ¼ À3 , which reproduces the deflection effect as demonstrated in Fig. 2 . Additionally, the collimated e beam obtains an energy loss of ÁE $ À35 keV from the interference field as the change of shows, which can explain the measured energy loss as compared with the energy of the peripheral electrons (Fig. 3) . If assuming the electrons were ejected initially at arbitrary phases from 0 to 2, the statistic angular distribution is plotted as shown in Fig. 5(c) [panel (c-2) ], which presents a broadening angular distribution. In this case, some electrons will gain and others will lose energy; therefore, the energy spectrum of the electrons will also be broadened. This result indicates that the observed electrons at other directions except the collimated e beams are ejected away from the plasma wave at arbitrary phases.
The variation of the deflection angle as the target surface is moved along the target normal can be attributed to the intensity variation of the interference field on the target surface. So this toy model, simple but illustrative, can explain the deflection of the collimated e beam and the energy loss very well.
In conclusion, we have demonstrated for our system the experimental robustness of the phenomenon of collimated quasimonoenergetic e beams and their deflection, as obtained from irradiation of a flat Al target with a short pulse at moderate intensities. By proposing a two-step model we reveal that in each cycle of the laser oscillation, some electrons at a favorable phase at the top of their nearescape orbits escape away from the plasma wave more or less along the specular direction. They are acted on by the interference field at the locked phases and inevitably steered slightly to the target normal. The periodic repetition of the electron emission, every optical cycle, leads to a pulse train of collimated e beams with subcycle duration. Since the repulsion effect of the ponderomotive force of the interference field always exists, the issue on the phase of electron emission from the laser-solid interaction, which has never been addressed before, should be inspected extensively in a much broader range of laser parameters. 
